The polyenzyme complex responsible for the synthesis of tyrocidine in Bacillus brevis (ATCC 8185) was found to contain 4'-phosphopantetheine, which appeared to be connected with the production of growing peptide chains. Confirmation of this assumption has now been obtained by purifying from bacterial lysates a polyenzyme-dissociation product; this was labeled with [14Clpantothenic acid and peptide chains containing tritiated amino acids, and had a molecular weight of 17,000. To obtain these results, organisms were grown under conditions favorable for incorporation of radioactive pantothenic acid into tyrocidine-synthesizing enzymes.
[14Clpantothenic acid and peptide chains containing tritiated amino acids, and had a molecular weight of 17,000. To obtain these results, organisms were grown under conditions favorable for incorporation of radioactive pantothenic acid into tyrocidine-synthesizing enzymes.
A crude lysate of the [14Cipantothenic acid-labeled organisms was preincubated with the tritiated amino acids to form enzyme-bound growing peptide chains. The doubly labeled fragments were purified from the polyenzymedissociation products produced by prolonged lysis. In a second set of experiments, the three enzymes responsible for tyrocidine synthesis, including the two polyenzymes containing pantetheine, were purified and incubated with radioactive amino acids and ATP to form polyenzymebound peptide chains. Thereupon, a Triton X-100 extract of the 20,000 X g fraction of crude homogenate was added to dissociate the purified polyenzymes. The dissociation products were purified and yielded, on dodecyl sulfate gel electrophoresis, peptidyl-marked products ranging in molecular weight from 90,000 to 17,000, the latter being most abundant. Electrophoresis of analogous preparations after preincubation with higher concentrations of dodecyl sulfate and dithiothreitol at 1000 yielded a single product of 17,000 molecular weight, indicating that the larger molecular weight fractions were aggregates thereof.
In the biosynthesis of certain antibiotics, polymerization into the polypeptide is preceded by activation of the amino acids with ATP to form an aminoacyl adenylate similar to that formed in the activation for ribosomal protein synthesis; subsequently, however, the amino acid is transferred to an enzyme-bound thiol group instead of to tRNA (1) (2) (3) (4) . Polymerization occurs on a combination of polyenzymes that consist of assemblies of activating enzymes (5) . Our recent work has been concerned largely with the detailed synthesis of tyrocidine. Its structure is shown in Fig. 1 , which indicates the direction of synthesis and cyclization. The amino acids activated by the three complementary enzymes are indicated by the brackets. A light enzyme and two polyenzymes activate and Abbreviation: DodSO4c, dodecyl sulfate.
* To whom reprint requests should be addressed. ** **** * ** On the occasion of his 60th birthday we are pleased to dedicate this paper to Dr. Theodor Wieland who early visualized a possible role of amino-acid thioesters in peptide synthesis. carry, respectively, one, three, and six amino acids which are thioesterified when charged separately with ATP (5). When the three enzymes are combined, the amino acids are polymerized to the cyclic decapeptide, tyrocidine (4, 6) . Sequential addition of amino acids to the combined enzymes yields polypeptides that remain thioester-linked to the activating-polymerizing enzymes through the carboxyl of the last added amino acid (6) .
With the appearance of a thioesterified amino acid as the product of ATP-linked activation, we early recognized parallels with fatty-acid synthesis (7) and proposed that pantetheine might be involved in this polypeptide synthesis (4, 8, 9) . Furthermore, we recently reported (5) that each of the polyenzymes, with molecular weights of 230,000 and 440,000, contains one mole of covalently bound 4'-phosphopantetheine per mole of polyenzyme. Preliminary evidence had been obtained (9) that growing peptide chains are associated with pantetheine in the polyenzyme, but that single amino acids charged to enzyme-SH seem not to be. In addition, it was discovered that after extended incubation of crude bacterial extracts, the polyenzymes of molecular weight 230,000 and 440,-000, which activate three and six amino acids, respectively, are split into uniform fractions of 70,000 molecular weight (5 70,000. In addition, both electropherograms showed single, smaller subunits of equal size, 15,000 to 20,000 molecular weight, which we anticipated to be panthetheine-linked proteins (5) . It is with the identification of these pantetheinelinked subunits that this paper will be dealing. In order to recognize these pantetheine subunits, which presumably carry growing peptide chains (5, 6, 9) , a double marking with pantothenic acid and amino acids was desirable. Since earlier attempts to incorporate radioactive pantothenic acid into antibiotic-synthesizing enzymes had proved difficult (8), a better method of incorporation was developed. By use of the described procedures of polyenzyme dissociation after introduction of marker in the pantetheine as well as in the growing peptide chains, the dissociation from polyenzyme of a pantothenic acid-carrying fragment with a molecular weight of 17,000 and its connection with growing peptide chains could be verified.
METHODS
Incorporation of Pantothenic Acid into Enzymes. Early experiments by Kurahashi and his group (10) had indicated that the enzymes responsible for antibiotic synthesis were formed at late logarithmic growth just before sporulation. In our previous attempts to mark this system when ['4C]pantothenic acid had been added to the medium at the beginning of the growth period (8) , incorporation was only weak or negligible. We have now followed, as signal for the appearance of tyrocidine synthesis, the ornithine-specific ATP-PPi exchange reaction. We added [ Beginning from the middle of exponential growth, 0.2-ml aliquots of culture fluid were withdrawn at 15-min intervals, and the ornithine-dependent ATP-PPi exchange activity was determined as described (1) . At The labeled lysates were incubated in two stages as described in the text. From the 20,000 X g supernatant fraction of the secondstage cell lysate containing the dissociation products, a 33-70% ammonium sulfate cut was prepared. The pellet was dissolved in 2 ml of buffer B and applied to a Sephadex G-100 column (85 cm X 1.7 cm) equilibrated with buffer B containing 0.1 M KCl; the column was then eluted with the same buffer. Fractions of 2 ml were collected and a 0.1-ml aliquot from each was counted in Bray's solution for '4C and 'H in a liquid scintillation counter.
A, multienzymes; B, peptidyl carrier protein, polymer; C, peptidyl carrier protein, dimer; D, acyl carrier protein (?).
centrifugation. The pelleted cells were suspended in a 1% NaCl solution and repelleted by centrifugation. About 7 g each of the labeled cell pellets were stored in liquid nitrogen.
Preparation of Dissociation Factor by Extraction of the 20,000 X g Pellet of Crude Homogenates with Triton X-100. To dissociate purified multienzymes, we prepared an extract in the following manner: 5 g of cells suspended in 30 ml of buffer B (20 mM triethanolamine buffer, pH 7.7, containing 1 mM dithiothreitol and 0.5 mM EDTA) were lysed with lysozyme. After hydrolysis of DNA with DNAase, the lysate was centrifuged for 20 min at 20,000 X g. The pellet, which contained membranes and other cell debris, was suspended in 20 ml of buffer B with 2% Triton X-100 and centrifuged for 20 min at 20,000 X g. The supernatant was used as a source of multienzyme dissociating factor. line, and ornithine, omitting the carboxyl-terminal leucine in order to produce polyenzyme-bound polypeptides (5, 6) . At the end of this period, 10 /g of DNase was added and the mixture was incubated for an additional 30 min to liquefy it and to enhance the dissociation of the multienzymes. After the second incubation, it was rapidly chilled and centrifuged for 15 min at 20,000 X g. Solid ammonium sulfate was added to the supernatant to 33% saturation, and the precipitate was rejected after centrifugation. More ammonium sulfate was added to the supernatant to 70% saturation and the precipitate was then collected by centrifugation. The pellet was dissolved in 2 ml of buffer B and used for Sephadex G-100 chromatography. Three doubly marked peaks were obtained (Fig. 2 ). Since Sephadex G-100 excludes proteins with a molecular weight above 100,000, the material in excluded peak A presumably contained undissociated polyenzymes; the material in peak B with an approximate molecular weight of 90,000 was presumably an aggregate of that in C. Purification of the material in peak C of Fig. 2 by DEAEcellulose chromatography is shown in Fig. 3 . Little protein eluted with buffer B alone; however, this peak contained over buffer before the addition of KCl was concentrated with a Diaflo apparatus to about 0.3 ml and used for DodSO4-gel electrophoresis. Before it was subjected to electrophoresis, the carrierprotein sample was incubated in gel buffer (3.9 g of NaH2PO4' H20, 19.3 g of Na2HP04-7H20, 1 g of DodSO4-per liter of distilled water) for 7 hr at 37°. After 1 hr of prerun electrophoresis, the peptidyl carrier protein (about 42 Mg) and marker proteins of known molecular weight were applied separately to 10% acrylamide gels (7.5 cm X 0.7 cm), and electrophoresis in parallel was carried out for 9 hr at 4 mA per gel at room temperature. Slices of 2-mm thickness were made from the gel; they were incubated overnight at room temperature with 10% NCS solubilizer in toluene-fluor solvent and then counted in a liquid 
80% of both the [14C]pantothenate and ['H]peptide labels.
Most proteins but little of the markers appeared on addition of KCl. The low affinity of carrier protein for DEAE-cellulose indicates it to be a basic protein, which is confirmed by the observation that, on paper electrophoresis at neutral pH, it migrated towards the cathode.
The early eluate from the DEAE-cellulose column, which contained a rather pure fraction of carrier protein, was subjected to DodSO4-gel electrophoresis as described by Weber and Osborn (13) and in the legend of Fig. 4 . Four radioactive bands were observed, with approximate molecular weights of 90,000, 55,000, 35,000, and 17,000. Since the carrier-protein sample subjected to DodSO4c gel electrophoresis originated from the 35,000 molecular weight region of Sephadex G-100 chromatography, the appearance in the electropherogram of four peaks, the largest amount being in the 17,000 molecular weight region, indicates that a redistribution by disaggregation and further aggregation had taken place, presumably during preincubation. With a 17,000 molecular weight monomer already indicated by the DodSO4g gel electropherogram of Lee et al. (5) , bands of 35,000, 55,000, and 90,000 molecular weight would correspond to a dimer, trimer, and possibly a pentamer. (5, 6). Low-molecular-weight substances were removed from the labeled enzymes by filtering the reaction mixtures through Sephadex G-50 columns, and were eluted from the columns. About 8 ml of 1 and 2 were obtained; both were dissociated by incubation for 30 min at 370 by addition of 0.5 ml of a Triton extract prepared from the heavy pellet of a crude homogenate. To isolate the separated peptidyl carrier proteins, ammonium sulfate was added to 70% saturation. Presumably because of the presence of Triton, the multienzyme and carrier protein fractions floated on top of the centrifuge tubes. The floating materials were collected and dissolved in 5 ml of buffer B. After dialysis overnight against 2 liters of buffer B, 3-ml aliquots of 1 and 2 were subjected to DEAE-cellulose chromatography analogous to that described in the legend to Fig. 3 . The early fractions appearing on elution with buffer and containing the bulk of the carrier proteins from intermediate and from heavy enzymes were concentrated to about 0.5 ml. An aliquot of 0.1 ml of each was layered on two 5.5-ml 10-30% sucrose gradients in buffer B containing 0.1 M KCl, and were centrifuged for 16 hr at 50,000 rpm in the SW 50 rotor. Fractions of 0.13 ml were collected, and a 10-MAI aliquot from each was counted for radioactivity. In a third tube, a parallel sucrose gradient centrifugation was carried out to identify the position of the 70,000 molecular weight subunits by assaying fractions for ornithinedependent ATP-PPi exchange. Results from the three parallel experiments were mapped together.
Isolation of Carrier Protein from Purified Polyenzymes. In contrast to crude homogenates, the incubation at 370 of purified polyenzymes gave small or negligible amounts of subunits (5). As described in Methods, a factor responsible for dissociation of polyenzymes can be extracted with Triton X-100 from the 20,000 X g pellet of crude homogenates.
The light, intermediate, and heavy enzymes of tyrocidine synthesis were purified as described (5) except that the hydroxylapatite step was omitted. The methods for preparation and partial purification of carrier protein from the intermediate and heavy enzymes labeled with radioactive peptides are described in the legend of Fig. 5 . In a preliminary run (not (Fig. 5) , 40-su aliquots were taken and mixed with an equal volume of the double-strength gel buffer described in Fig. 4 containing 10 mM dithiothreitol; the mixtures were incubated overnight at 37°. DodSO4-gel electrophoresis was carried out in parallel for 9 hr at 4 mA/per gel of carrier protein from each multienzyme; gel slices were made, their radioactivity was counted as described in Fig. 4 , and the results of both were mapped together. (B) DodSO4c gel electrophoresis of [3Hjo3-alanine-labeled carrier protein purified from crude extracts. The onset of the ornithine-dependent ATP-PPi exchange activity in the B. brevis cell culture was determined, and 2 mCi of [3HJ,8-alanine was added to 2 liters of culture, which was then incubated for 30 min at 37°. The cells were harvested and lysed, the multienzymes in the lysate were dissociated by autolysis, and the 20,000 X g supernatant fraction was obtained. The 33-70% ammonium sulfate fraction was prepared as described in the legend to Fig. 2 , and was dialyzed against buffer B. The labeled carrier protein was purified by DEAE-cellulose chromatography as described in Fig. 3 and was further purified by sucrose gradient centrifugation as described in Fig. 5 . The 3H-labeled carrier protein was subjected to DodSO4 gel electrophoresis in parallel with that of the nascent
[I4C]peptidyl-labeled carrier proteins as shown in A.
tern quite analogous to that of the chromatogram in Fig. 2 , except that the excluded multienzyme peak was rather low and, in contrast to a prominent amount of the 35,000 molecular weight aggregate, here only a small amount of 35,000 and mostly the 90,000 molecular weight aggregate appeared. The major portion of the ammonium sulfate fraction was subjected to DEAE-cellulose column chromatography (not shown) and, just as in Fig. 3 , on elution with buffer alone, most of the polypeptidyl-carrying fraction appeared early as a large peak, which was separated and subjected to sucrose gradient centrifugation (Fig. 5) . The Various attempts were made to fully disaggregate highmolecular-weight carrier proteins into their monomeric forms. Incubation with 8 MI urea was unsuccessful; however, by increasing the DodSO4-from 0.1 to 2% and the dithiothreitol concentration from 10 to 100 mMI in the protein samples and incubation at 100°for 1 hr, the high-molecular-weight aggregates disappeared and only 17,000 molecular weight carrier protein was obtained on gel electrophoresis (Fig. 7) ; the shouldei before the 17,000 molecular weight peak is considered to be an artifact. CONCLUSION Previous experiments had indicated that growing peptide chains were linked to polyenzyme-bound pantetheine whereas single amino acids were not (9) , although the latter were also found thioester-bound to enzyme proteins (6) , presumably by way of cysteinyl residues. This seemed to suggest that, similar to the binding in the acyl carrier protein in polyenzymes for fatty acid synthesis in yeast (14) , the pantetheine in polypeptide synthesizing enzymes was bound in a peptidyl carrier protein. This proposition obtained support when, on dissociation by DodSO4-gel electrophoresis, a single 15,000-20,000 molecular weight protein appeared from each of the two tyrocidine polyenzymes in addition to three and six 70,000 molecular weight amino-acid activating subunits. The present work confirms this assumption. A pantetheine-carrying protein fraction of 17,000 molecular weight connected with growing peptide chains was purified from the dissociation products of the tyrocidine-synthesizing enzyme system. It is a relatively basic protein since it washed off easily from DEAE-cellulose ( Fig. 3) and migrated electrophoretically to the cathode (S. G. Lee, unpublished experiments). It had a tendency to associate to larger aggregates of 35,000 to 90,000 molecular weight, particularly on Sephadex G-100 chromatography (Fig. 2) , and on DodSO4-gel electrophoresis to disaggregate mostly to a 17,000 molecular weight fraction (Fig. 6A) ; after preincubation with 2% DodSO4-and dithiothreitol at 1000, all larger aggregates disappeared (Fig. 7) . Thus, we conclude 17,000 to be the molecular weight of the peptidyl carrier protein; this is rather comparable to the reported molecular weight of 16,000 for the acyl carrier protein isolated from the yeast enzyme (14) . For a review of this and earlier work see ref. 15. This work was supported by Grant GM-13972 from the United States Public Health Service.
